We describe an experimental system designed for single-shot photoelectron spec- 
INTRODUCTION
The operation of FLASH, beginning in mid-2005 has opened up many fascinating possibilities for new experimental studies, which make use of ultra-short laser pulses at high fundamental photon energies (13 -48 nm) with high peak and average power [1, 2] . A complementary optical laser facility has been set up at FLASH which provides femtosecond infra-red (110 fs, 800 nm) and picosec-ond visible (12 ps, 523 nm) pulses, electronically synchronized with the Free Electron Laser (pulse duration 10 -50 fs) pulses. Pump-probe experiments and time-resolved studies with intense EUV + near-infrared/optical fields on the femtosecond time scale become feasible and will nicely extend present EUV+NIR/Vis investigations at synchrotron radiation facilities, which focus on spectroscopic features in the photoexcitation and photoionization of atoms (e.g. [3] and references therein) and molecules (e.g. [4, 5, 6] ). Using the radiation from FLASH the dynamics of molecular fragmentation can be investigated by combining the radiation of two distinctly different wavelengths, one in the EUV, and the other in the near-infrared/optical regime. To take best advantage of the independent sources, the synchronization and the spatial and temporal stability of the set-up has to be characterized under real experimental conditions.
Above threshold ionization (ATI) is a powerful tool to obtain information about the temporal overlap of femtosecond pulses. Briefly, this technique uses photoelectron spectroscopy of rare gas atoms to analyze the photoionization signal produced by an EUV photon in the presence of a strong optical laser beam. The intense optical field (> 10 10 Wcm −2 ) dresses the photo-ejected electrons, in other words, the electrons are born into the optical field where they can emit or absorb one or more additional light quanta, which are observed as a sideband structure on both sides of the main atomic line in the photoelectron spectrum [7, 8] . The intensity and shape of the sidebands depend heavily on the temporal and spatial profiles of the two femtosecond pulses [8] and can therefore be utilized to characterize the EUV pulses [9, 10] , and to measure directly the time delay between both laser pulses [11] .
The main motivation for the present paper is to describe the ultrafast and in-3 tense two-color photoionization facility at FLASH and to present and illustrate its capabilities. An important aim is also to provide guidance on practical experimental design considerations that arise. The paper is organized as follows.
In Section 2, we briefly describe the current status of the FLASH facility and the synchronized optical laser system. The different FLASH beam diagnostic tools are summarized, in particular those specifically added for our experiments. We include recent results on the harmonic content in the EUV beam.
In Section 3, we describe the single-shot performance of the magnetic bottle spectrometer used to record photoelectron spectra as well as the imaging technique used to ensure the spatial overlap of the FLASH and femtosecond optical laser pulses. We also outline the main characteristics of the fast photodiode and streak camera systems used to monitor and measure the time delay between FLASH and the optical laser beams. In Section 4, we present some examples demonstrating how the present set-up can be used to study two-color photoionization processes in rare gases. Finally we draw some conclusions and point to planned experimental developments.
FLASH PUMP-PROBE FACILITY AND DIAGNOSTICS

EUV Free Electron Laser
FLASH has been described in some detail in a number of papers [1, 2] (and references within) and so we confine this section to a brief update. In its current mode of operation the EUV-FEL FLASH is operated in either singlebunch mode at repetition rate of 5 Hz or in multibunch mode with up to 30 bunches, separated from one another by 1, 4, or 10 μs depending on the 4 users requirements. The fundamental wavelengths have so far ranged from 13 -48 nm. FLASH reached saturation producing average energies of ca. 70 μJ
and maximum values of more than 170 μJ [2] .
In order to fully characterize the performance of FLASH at DESY, a large variety of photon diagnostic tools have been developed over several years, for further details see Refs. [12, 13, 14, 15] . The FEL pulse energies are measured using a gas monitor detector (GMD), covering a dynamic range of about seven orders of magnitude with an absolute energy resolution of ∼ 10% [16] . experiments with a nominal focus of 100 μm [18] . It is well known that FEL beams comprise not just the fundamental but also higher harmonics [15, 19] . Hence it is important to be able to measure the spectral composition of the beam. At this time FLASH has a grazing incidence spectrometer system located in the tunnel near the exit aperture of the final undulator section [19] . Briefly, the system contains a spherical variable line spacing grating, which provides a flat field in the focal plane for easy matching to a flat detector array. Its spectral resolution is better than 1500 across its 3 -48 nm operating wavelength range. Hence it was possible to measure spectra of the fundamental (Fig. 2) as well as the second and third harmonic FEL pulses [15] . The detection system consists of a phosphor faceplate coupled to an intensified CCD camera. With its gated readout, it is suitable for selecting single pulses from a FEL pulse train [2] . To obtain spectra of the second and third harmonics with this system, it is necessary to integrate many tens of shots. However, this set-up uses the direct FLASH beam, i.e. the FEL pulses can not be used for other experiments at the same time. In order to obtain single-shot harmonic spectra in a parasitic manner we built a flat field spectrometer system (ω -5ω [2] ), with back illuminated CCD readout, in tandem with the main experimental chamber, see Fig. 7 . The spectra were recorded with the grazing incidence monochromator located in the tunnel. The spectrum integrated over many pulses is given as solid black line.
The system was equipped with a Harada type variable line spaced grating [20] . This can be both a blessing and a curse. The former, since it permits one to record high order FEL harmonics in high spectral orders thereby obviating the need to move the CCD during an experiment. The latter, since this gives rise to unwanted overlapping of these spectral features, e.g., the N th spectral order of harmonic-N will overlap the fundamental. For this reason, we used a range of thin film EUV filters (mainly Polypropylene and Aluminium of thicknesses from 1 -4 μm) to enable order sorting. In Figure 3 (top panel) we show a 3D presentation with a series of single-shot raw spectra obtained with the flat field spectrometer. A corresponding single pulse spectrum is given in the bottom panel of Figure 3 .
The FEL was operated at a fundamental wavelength of 13.7 nm. The spectra show the fundamental, second (2ω) and third (3ω) harmonics of the FLASH pulses in first and second order of the diffraction grating. We used a polythene (CH) filter which provided high transmission for the second and third harmonics of the FEL (see transmission on inset). The filter had the beneficial effect of suppressing higher order harmonics so that the third and second harmonic wavelength in nm intensity in CCD counts 
Pulsed optical laser
The other key element of the two-color facility is the ultrafast optical laser system. The important figures of merit for an optical laser system is the ability to deliver to the experimental endstations ultrashort pulses with the time structure of the FEL itself [21] . In short, the laser comprises three modular sub-systems: The first one, the pump laser, is a slightly modified copy of the photocathode laser of the FEL [22] . This Nd:YLF based burst mode laser was 
TWO-COLOR EXPERIMENTAL SETUP
Magnetic bottle electron spectrometer
Measurements of the kinetic energy of the photoelectrons were made by using a magnetic bottle electron spectrometer (MBES) [10, 23] . An overview of the experimental arrangement is given in Fig. 7 . Electrons ejected after the inter- 
Effects of space charge
It is important to maintain a clean vacuum chamber in two-color photoionization experiments because the high intensities and short wavelengths of the EUV beam are sufficient to ionize most vacuum chamber contaminants. Except at very low FEL intensities, the last item is by far the most important.
In general, experiments at FLASH which are sensitive to electron energies, spectral widths, and total yields, distortion by space charge is an undesirable effect. Here, the use of a tight focussing geometry and minimum gas densities The effect of space charge on the xenon photoelectron spectrum is shown in Fig. 8 for ionization of the 5p electronic subshell (binding energies are 12.1 eV and 13.4 eV for the spin-orbit components 5p −1 2 P 3/2 and 2 P 3/2 , respectively.)
These spectra were recorded at three different xenon densities using the first order of the monochromator at PG2 ( ω F EL = 38.3 eV). We found that space charge manifests itself through an asymmetric broadening, and shift of the photoelectron peaks up to 0.8 eV. Space charge effects were kept to minimum by changing the rare gas pressure in accord with the changes in the FEL pulse energy. At sufficiently high pulse energies and gas pressures, which result in a large effective species density for ionization, the space charge becomes sufficiently large to interfere with accurate measurements of the two-color sideband signal. These effects set the upper limit on the gas pressure used in the two-color data reported here to a few 10 −7 mbars. In addition, the criterion for minimizing space charge effects reduced at the same time the occurrence of saturation of the MCP detector in the time-of-flight spectrometer. Figure 9 shows a series of single-shot photoelectron spectra for one microbunch.
Single-shot mode
In this case we used the first order of the PG2 monochromator beamline to select the third harmonic 3ω (114.9 eV) of the FLASH fundamental ( ω F EL = 38.3 eV) for photoionization. Maximum resolution was obtained by applying retardation fields as well as closing the exit slit of the monochromator to 300 μm. The main peak at an electron kinetic energy of 45 -47 eV results from the Xe 4d photolines (binding energies of 67.5 eV and 69.5 eV) for the two 4d −1 spin-orbit components, respectively. The broad feature at kinetic energies around 100 eV is caused by the now unresolved 5p lines and some intensity due to the ionization of the 5s subshell (binding energy of 23.1 eV).
The normal 4d-Auger transitions can be identified in the low kinetic energy region (25 -35 eV). These lines are resolved with much higher resolution, since their width is independent from the spectral width of the exciting FEL radiation. As for the single-shot spectra for the spectral distribution of the FLASH pulses (Fig. 2) , the electron spectra show strong intensity variations when comparing the individual spectra. This is again related to fluctuation in the FEL pulses and is even enhanced in the third harmonic, since its intensity is proportional to the cube of that of the fundamental [15] .
The average energy of FLASH was 70 μJ, i.e. near or at saturation, having 0.5 -1% in 3ω as discussed in Ref. [15] . From Ref. expected. Hence, the possibility to make single-shot use of the unique harmonic structure of FLASH should be of great interest to the gas phase community.
Spatial overlap between EUV and optical laser
Special care has to be taken to ensure the best spatial overlap of the focal spots of the FEL generated EUV radiation and the optical laser beam. Using is shown in Fig. 10 . The recorded focal spot of ∼ 30 μm is consistent with previous measurements ( e.g. [16] ). In order to prevent damaging of the thin phosphor layer the FEL as well as the optical laser had to be substantially attenuated. 
Temporal overlap between EUV and optical pulses
Full technical details of the synchronization between the FEL and the optical fs laser will be presented elsewhere [21] and so what follows is limited to salient operational details. The optical laser is synchronized to the radio frequency (RF) source providing 1. line and is focused on the slit of the Streak camera. Thus, the measurement is parasitic and independent of the actual experiment. Due to the dispersion of the white dipole radiation pulse in the focussing lens of the streak camera, the pulse broadens tremendously to about 10 ps. Fig. 11 (a) shows both pulses on the streak camera.
The important information is the relative jitter between both pulses. In order to extract this information for each pair of pulses, the data are fitted to a Gaussian function and the difference between the peak position of the two pulses is used for further investigation. Fig. 11 (b) represents an 11 hour section of a timing stability measurement. The plot shows that the relative jitter of the two independent sources is only about 800 fs over the entire 11 h period. A large contribution of the measured jitter results from the analysis of the data itself, however, calibration measurements showed that the peak 21 was determined by analyzing 4.000 images over 11 hours for the graph. The resulting jitter is 800 fs r.m.s. over the whole period, whereas a large part of the jitter is due to the limited resolution of the Streak camera.
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position can be determined with a resolution of about 400 fs rms. That is, by analyzing only the center position, the measured resolution (400 fs) is well below the nominal 2 ps resolution of the Streak camera -the response function of the streak camera to a delta pulse.
Temporal overlap within the experimental chamber
The streak camera is necessary to monitor the drifts in the relative time delay between the EUV and NIR pulses, which is done parasitically and is indepen- 
TWO-COLOR TWO-PHOTON IONIZATION OF RARE GASES
The most accurate method to obtain the relative time delay on a time scale comparable with the FEL and optical laser pulse widths (i.e., on the femtosecond scale) is the two color above threshold ionization technique discussed earlier. In this case, when the EUV and NIR pulses are overlapped in space and time, photoelectrons generated by the EUV pulse are born into the intense field of the optical laser where they can absorb or emit one or more NIR photons resulting in sidebands in the corresponding photoelectron spectrum of that target atom [10, 11] . In order to obtain fine control over the temporal delay between the optical laser and the FEL a computer controlled optical delay line, housed in the laser hutch, is used. The synchronization of the EUV and NIR pulses via a two-color pump-probe scheme is demonstrated using xenon as the target gas.
The reader is referred to [10, 11] for full details of the technique.
The two-color ATI signal of the 5p photoionization of xenon atoms was measured at the micro focus beamline BL2 at a FEL fundamental wavelength of of the sideband intensities [11] allow the temporal delay between both pulses to be determined to an accuracy of ± 50 fs, i.e. Δt = (80 ± 50) fs and (115 ± 50) fs for Figs. 14 (b) and (c) respectively. In addition, the possibility to record single shot spectra enable is to select only those spectra, which belong to a certain time delay, e.g. Δt = 0. This increases tremendously the relative intensity of the interesting two-photon features as well as the efficiency for various pump-probe experiments, despite the temporal jitter between the two pulses.
SUMMARY
In the present paper, we have outlined the salient experimental considerations underpinning successful two-color pump-probe experiments which use EUV FEL (10 -50 fs) pulses from FLASH in combination with a synchronized optical fs (110 fs) laser. A number of specific methodologies and techniques used to characterize and control the FEL and the optical laser pulses are discussed.
Particular attention is given to the procedures employed to optimize the spatial and temporal overlap of both pulses. In order to fully explore and exploit the properties of the FLASH pulses, the necessity for single-shot characterization has been demonstrated. To both showcase the two-color pump-probe setup and determine limits on its applicability and stability, an experiment on above threshold ionization (ATI) in rare gases has been performed. Averaging over many thousands of pulses, a temporal resolution of 250 fs r.m.s. was determined. This value is mainly determined by the jitter between the pulses of the FEL and the optical laser. Using single-shot analysis, the delay time can be determined with greater accuracy and a temporal resolution of at least 50 fs can be obtained. The methods described here for applications in the gas phase can be directly translated to pump-probe studies on other targets such as plasmas or solids. For the future, the control and complete characteriza-tion of each individual FEL and optical pulse will be a prerequisite for the successful realization of many unique ultrafast time-resolved investigations in the EUV regime.
